We report on an investigation on autoionization of Rydberg electrons of the nitric oxide molecule in strong, static electric fields. The excitation was done via various rotational states of the A 2 ⌺ ϩ intermediate state (vЈϭ0) and with polarization parallel or perpendicular to the electric field. The splitting of the autoionizing Rydberg states into overlapping Stark manifolds is resolved for excitation above the saddlepoint created by the field. We observe that the competing decay between photoionization and predissociation can lead to an incorrect interpretation of threshold energy. The photoionization spectrum of NO Rydberg series attached to various rotational thresholds is very similar owing to weak rotational coupling. The experimental results are accurately simulated by quantum calculations based on multichannel quantum defect theory ͑MQDT͒. A more intuitive formulation of the average behavior of the photoionization cross section is developed that accounts for the suppression of ionization near the threshold due to competing predissociating channels.
I. INTRODUCTION
An optical pulse can pump the outer electron of an atom or molecule toward quantized, highly excited states, socalled Rydberg states, with energies described by the Rydberg formula EϭIPϪ1/2(nϪ) 2 ͑in atomic units͒, where IP is the ionization potential, n is the principle quantum number ranging from one to infinity, and is the quantum defect. 1 The classical outer turning point of the electron orbit of such a Rydberg state is rather large ͑for instance 660 Å for n ϭ25, lϭ0; 800 times the internuclear distance of the diatomic molecule NO͒, and the time it takes to complete the orbit is relatively long ͑2.4 ps for nϭ25; the same time scale as the lowest rotations of the NO core͒. Upon applying a static electric field to the system, the Rydberg levels experience a Stark splitting and the angular momentum of the orbiting electron is no longer conserved. Hence, in addition to the oscillation along the radial coordinate, there is also an oscillation in the angular momentum of the electron between lϭ0 up to lϭnϪ1 and back. For nϭ25 with a field strength of 1 kV/cm, the angular momentum period is 10.4 ps. In that case, the electron makes about four radial oscillations during one complete angular oscillation.
A simultaneous effect of the electric field is a suppression, in the direction of the field, of the Coulomb potential experienced by the outer electron. In this direction the electron can escape over the created saddlepoint with a lower energy than in zero-field. In fact, at a field strength of 1 kV/cm the potential is suppressed so much that the nϭ25 Rydberg level, in zero-field bound by 176 cm Ϫ1 , can classically escape over the saddlepoint ͑field-induced autoionization͒. For the NO molecule the time scale on which this electron emission process takes place is on the same order as fragmentation of the core ͑predissociation͒. Each time an electron returns to the ionic core there is a probability that it scatters and autoionizes and there is a probability that the energy of the electron is transferred back to the core, leading to fragmentation into a neutral nitrogen and oxide atom. In addition to autoionization and predissociation, coupling of the electron to the molecular core can lead to an exchange of core rotational or vibrational energy to the electron. We refer to the case that the Rydberg electron gains rotational or vibrational energy sufficient to escape the ionic core as rotational or vibrational autoionization, respectively.
In order to unravel the influence of the various decay mechanisms of Rydberg electrons in a static electric field, we monitor the photoionization of NO at various field strengths. Nitric oxide has been selected as an example to study these dynamics, since the molecule has a convenient and established laser excitation scheme. The excitation pathway is schematically depicted in Fig. 1 . The molecule is excited from the 2 ⌸ ground state via a selected rotational state of the A 2 ⌺ ϩ intermediate state (vЈϭ0) to the Rydberg series. A static electric field is present that lowers the potential energy of the Rydberg electron in the direction of the field. The photoionization yield is monitored as a function of excitation frequency of the second laser step.
II. THEORY
In this section we will describe the full MQDT calculations that give excellent agreement with the observed spectra. However, we will begin with the physical mechanisms starting from a hydrogen atom in a static electric field.
A. Influence of a static electric field
A static electric field has various effects on a molecule. As mentioned already, it creates a suppression of the Coulomb potential of the molecular core in the direction of the field. The potential energy of the Rydberg electron, when far from the core, can be described as the sum of the Coulomb potential and the potential created by the field strength F pointing in the direction z,
The Coulomb potential is raised on one side and lowered on the other by the electric field. The energy of the local maximum on the lowered side ͑the saddlepoint͒ as a function of field strength F is then
EϭϪ␣ͱF, ͑2͒
with ␣ϭ2 in atomic units, or ␣ϭ6.12 cm Ϫ1 if the field is given in V/cm.
In a typical photoionization measurement the photoelectron yield is detected as a function of excitation energy. One would expect a signal with a stepfunction-like appearance: no signal below the saddlepoint and electron autoionization yield from the quantized states above the saddlepoint. The threshold can, in a series of such measurements, be tracked as a function of field strength yielding the experimental value of ␣.
Another effect of a static electric field F is that it breaks the conservation of angular momentum of the Rydberg electron or, equivalently, the n-fold degeneracy of a Rydberg state n is lifted and splits into a Stark manifold of n separate k-states. The energy of the Rydberg Stark states to lowest order in the field strength F is
where the quantum number k runs from (nϪ1,nϪ3...Ϫn ϩ1) for the azimuthal angular momentum mϭ0. The states that increase in energy compared to the zero-field value ͑positive k͒ are called blue states; those that decrease in energy ͑negative k͒ are called red states. Note that above the saddlepoint energy the manifolds of adjacent n always overlap because the spread in energy of the manifolds is so large. So far these considerations are general for atoms and molecules. Molecules have internal degrees of freedom, and each of these rotations and vibrations has its own Rydberg series, hence we have to consider a far larger number of states than for atoms. The rotational series are separated by the rotational energy E rot , which is given in first order for Hunds case b ͑intermediate ⌺ state͒ and case d ͑Rydberg state͒ by
with B the rotational constant and N the rotational angular momentum of the molecular core ͑note: we use NЈ for the A 2 ⌺ ϩ state and N ϩ for the ionic state͒. Throughout these experiments, we excite Rydberg series attached to the lowest rotational states of the zeroth vibration of NO. In a static electric field where every Rydberg level splits up into n k-states, the system is more prone to accidental degeneracy of states of different rotation, leading to an enhanced coupling of several rotational series. These arguments are well known from zero kinetic energy ͑ZEKE͒ spectroscopy. 2 Series that couple to continuum states, either directly, or via lower rotational series, induce rotational autoionization. [3] [4] [5] [6] The Rydberg series in NO and their lifetimes and couplings are quite well known. [7] [8] [9] [10] [11] [12] [13] Also other decay channels like predissociation are reported. 7, 8, [14] [15] [16] However, important features of Rydberg electrons in a strong electric field have received little attention.
B. Quantum calculation of the photoionization spectra
We have based our simulations of the photoionization spectra of NO in a static field on the multichannel Stark theory. 17 This formulation uses the Wentzel-KramersBrillouin ͑WKB͒ treatment of the Stark problem to describe alkali atoms in static electric fields, 18 in order to include the possible exchange of energy and angular momentum between the Rydberg electron and the molecular ion core. Our formalism is very similar in spirit to the treatment presented in Ref. 19 , but also allows the calculation of the partial excitation amplitudes into all of the channels, enabling us to distinguish between the photoionization and photodissociation channels in our calculation.
The treatment in Ref. 17 uses a separation of quantum numbers into those appropriate in zero-field and those appropriate in an electric field. The reason for this separation is that when the Rydberg electron is near the ion ͑within 10-20 Bohr radii͒ the static field plays no role compared to the electron-ion interaction. Within this small volume, compli- cated molecular processes can occur ͑coupling between different rotational and vibrational channels and between Rydberg channels and predissociation channels͒, but these processes are completely unaffected by the field. Thus, fieldfree channel couplings ͑parameterized by K-matrices͒ and dipole matrix elements can be used to describe the small r behavior of the Rydberg electron. When the electron is farther out than 10-20 Bohr radii from the ion, the potential is nearly identical to that of a H atom in a static field. We neglected any long-range interactions. In this outer region, the electron moves in uncoupled channels in parabolic coordinates. It is the connection between these two regions that gives the full wave function and allows us to obtain the full multichannel wave function in the field.
Another, more practical, reason for the separation of quantum numbers is that the formulation distinguishes between the channels which have nonzero scattering and those which have roughly zero scattering in zero field. Since the channels that do not have scattering ͑i.e., quantum defects that are effectively zero͒ behave like H, we can account for them implicitly without the need for including them in our matrix manipulations. This substantially improves the efficiency of the calculation, which is important because it is necessary to calculate the cross sections at 16 000 to 32 000 different energies for many different field strengths and initial states.
We will sketch the series of transformations that connect the wave function across different regions of space where different physical processes dominate. Let the parameter ␥ indicate all of the zero-field channels that have nonzero K-matrix elements ͑i.e., these are the channels for which the Rydberg electron experiences non-Coulombic potential͒. In general, ␥ describes five quantum numbers, and for this molecular situation,
where v is the vibrational state of NO which is 0 for the cases we investigated, N ϩ ,M N are the total and z-component of all nuclear angular momenta, and l,m are the orbital angular momentum and the z-component of the orbital angular momentum for the Rydberg electron. Note there is no coupling between states for which M N ϩmϭM tot changes.
The quantum numbers in the field have a form similar to those in zero field. We define the parameter N to be the quantum numbers in parabolic coordinates,
which are similar to the ␥ quantum numbers but with the angular momentum of the Rydberg electron replaced with the quantum number in the electric field, n 1 , which is the number of nodes in the up-potential parabolic coordinate. The formulation of Ref. 17 is general in the sense that it applies equally well to atoms or molecules in an electric field. The field dependent transformation between spherical and parabolic coordinates and the field dependent phases are independent of the short-range interactions between the atomic or molecular ion and the Rydberg electron. The only input into the Stark calculations that distinguishes between different ions are three kinds of body frame parameters: the zero-field threshold energies, the zero-field K-matrices in the ␥ quantum numbers, and the zero-field dipole matrix elements in the ␥ quantum numbers. In Table I are the last two body frame parameters we used in the calculation. For single channels, the K-matrices are tan() with the quantum defects taken from Ref. 8 . The lϭ0, ⌳ϭ0 and lϭ2, ⌳ϭ0 channels are coupled in the body frame; for these two channels, the K-matrix is given as K ss and K sd in the first row and K ds and K dd in the second row. To obtain the lab frame parameters, we use the frame transformation applied to molecular rotations. 20, 21 The frame transformation from the body frame to the ͑zero-field͒ lab frame is not sufficient to obtain quantum numbers in the form ␥ of Eq. ͑5͒. The transformation gives the channel couplings in terms of the quantum numbers ͕v,N ϩ ,l,J,M ͖, where J is the total angular momentum and M its z-component. We need to separate the total angular momentum J into the nuclear rotational angular momentum and the angular momentum of the Rydberg electron. This is accomplished through one last recoupling that uncouples the N ϩ and l angular momenta. The unitary matrix that performs this recoupling is simply a Clebsch-Gordon coefficient,
͑7͒
After this sequence of recouplings, the K-matrices and dipole matrix elements have the correct form.
There is one last important ingredient that still needs to be incorporated. This is the possibility that the electron can be converted from its nearly free Rydberg character into a tightly bound electron in a predissociating orbital. Thus each time the electron returns to the region near the nucleus there is an l dependent probability that it will be captured and disappear in a predissociating channel. We include this effect by extending the zero-field K-matrix so that each channel is coupled to an open channel with a strength that reproduces the zero-field predissociation rate. The electric field does not affect these extra channels so they are treated as completely open in our formulation. This channel provides extra width to each resonance and causes a reduction of the photoionization cross section since the predissociation is another pathway for decay. TABLE I. Body frame parameters for NO. l is the orbital angular momentum of the Rydberg electron, ⌳ is the projection of the angular momentum on the internuclear axis, K are the K-matrix elements, and D are the dipole matrix elements. The lϭ0, ⌳ϭ0 and lϭ2, ⌳ϭ0 channels are coupled in the body frame and the K-matrix is given as K ss and K sd in the first row and K ds and K dd in the second row. 
C. Average behavior of the photoionization cross section
To focus on the overall, average shape of the photoionization spectrum, including the dramatic effect of predissociation, we assume that the Stark spacing between Rydberg states of one manifold is not resolved. The basic idea is that by averaging over the Stark spacing almost all of the quantum standing wave behavior is lost. Therefore, the amount of flux into the ionization channel or detachment channel can be found by investigating how much each partial wave scatters into each channel. This works because on average the partial waves are equally populated over the energy range and they each scatter independently; for some Stark resonance states, the partial waves scatter constructively, but for other states they scatter destructively so that on average they behave as if they scatter independently. The average photoionization cross sections, modified due to the competing mechanism of predissociation, can give accurate information about dissociation rates of Rydberg states.
We will treat the simplest situation in detail; the extension to more complex situations is straightforward. The probability for direct electron ejection down potential depends on the function
where s is the maximum escape angle of the electron with respect to the direction of the field ͑the Ϫ1 direction͒, l is the angular momentum of the Rydberg electron, and m its projection on the field axis. We assume that the initial excitation to the Rydberg state is mainly into one partial angular momentum wave, l 0 . The probability for the direct ejection of the electron from the molecule is
͑9͒
The remaining fraction 1Ϫ is bound but can still ionize by scattering of the molecular core. We define the branching ratio for ionization, B ion , as the probability for the bound electron to elastically scatter into the open region of space, S i , divided by the sum of the probabilities to elastically scatter into the open region S i and to scatter into dissociation, S d ,
We assume that the electric field thoroughly mixes the l's so that all of them are equally likely. For the l partial wave, the probability to scatter and leave the molecule is
where l is the quantum defect, and the probability to dissociate is
where 2(nϪ l ) 3 is the Rydberg period in atomic units and ⌫ dis (nl) is the zero-field dissociation rate of the nl state in atomic units.
Finally we define D i to be the direct excitation amplitude into the electron excitation channel. The energy averaged ionization cross section in terms of these parameters is ion
͑13͒
We define D d as the direct excitation amplitude into the molecular dissociation channel and the energy averaged dissociation cross section is
There are two points to notice about these cross sections. The first is that the sum of the ionization and dissociation cross sections in the field equals the sum of the two cross sections in zero field. The second is that the ionization cross section goes to zero in a smooth manner as E decreases to Ϫ2ͱF; the exact manner in which it decreases to zero depends on how well the electron can elastically scatter down potential compared to how well it can cause dissociation.
III. EXPERIMENTAL SETUP
For nitric oxide, the nϭ25 manifold of the Rydberg series converging to the lowest rovibrational state has an energy around 74 546 cm Ϫ1 above the ground state ͑lowest ionization potential is 74 721.7 cm Ϫ1 , 22 ͒ which we can, in principle, reach with one photon of 134 nm. However, since we start at a finite temperature there is a rotational and vibrational ground-state population distribution, which can all be excited by that wavelength. The result of excitation will be a whole distribution of excited Rydberg levels on many rotational states close to the ionization potential. Consequently, we employed the following 1ϩ1Ј photon excitation scheme. First we excite from the ground state to an intermediate A 2 ⌺ ϩ state (vЈϭ0) with a narrow-band ultraviolet ͑uv͒ pulse in the region 225-227 nm. of the first laser pulse is set to populate a specific rotation of the zeroth vibration of the molecular core. From there on we excite with another narrow-band pulse in the region 320-330 nm toward the Rydberg states. In this way we populate Rydberg states from only one initial rotation and vibration.
The experiments were performed with the setup schematically depicted in Fig. 2 . A supersonic jet expansion of pure nitric oxide gas was used from a pulsed valve with a backing pressure of one atmosphere into the vacuum chamber with a typical background pressure of 10 Ϫ6
Ϫ10
Ϫ5 mbar. The pulsed valve is placed 4 cm from the interaction region, where the two UV pulses with a delay of 5 ns excite the molecules from their ground state to the Rydberg series. For the excitation step from the NO 2 ⌸ ground state toward the A 2 ⌺ ϩ intermediate state (vЈϭ0), the output of a 10 Hz Nd:YAG laser pumped dye ͑1͒ laser ͑tunable in the range 615-630 nm͒ was mixed in a BBO crystal with the Nd:YAG's third harmonic ͑355 nm͒. The resulting UV pulse ͑duration 7 ns, bandwidth 0.5 cm Ϫ1 ͒, is tunable over the range 225-227 nm and separated in a set of four prisms. The pulses have a typical energy of 50 J.
The output of a second Nd:YAG pumped dye ͑2͒ laser in the range 640-660 nm, is frequency-doubled in a KDP crystal resulting in a UV pulse with a bandwidth of 0.3 cm Ϫ1 and tunable in the range 320-330 nm. This second UV pulse is used for the excitation from the A 2 ⌺ ϩ intermediate state to the Rydberg series converging toward the NO ϩ 1 ⌺ ϩ ionic ground state. The typical energy of the pulse is 150 J. The field direction between the two metal plates in Fig. 2 is chosen such that the electrons are accelerated toward a microspheroid plate below and the total photoionization yield is detected as a function of excitation frequency. Simultaneously the laser intensity is monitored with a photodiode.
IV. RESULTS AND DISCUSSION
Before employing the 1ϩ1Ј excitation scheme we used 1ϩ1 resonantly enhanced multiphoton ionization ͑REMPI͒. The purpose of the measurement is to select appropriate rotational states for excitation to the Rydberg series and to check the influence of the static electric field on the position of the intermediate state. The selection of pure rotational states NЈ from this spectrum is complicated by the presence of bandheads, i.e., higher rotational quanta overlap with lower ones and furthermore the P, Q, and R ͑corresponding to ⌬JϭϪ1,0,1 respectively͒ branches overlap. In fact, the only rotational sequence that we found usable is the P 12 series on the very end of the low-energy side of the spectrum. This series does not have any overlap with other branches. It does show a bandhead structure but the relative population of higher rotational quanta compared to lower ones is minor at a low temperature. We estimate the temperature of the NO gas jet by fitting a Boltzmann distribution multiplied by the Höhn-London factors for a ⌺-⌸ transition to the 1ϩ1 REMPI spectrum. The temperature is about 130 K for all our experiments. At this temperature the selected P 12 (3/2) to P 12 (9/2) ͑where 3/2 and 9/2 is the total ground-state angular momentum J͒, corresponding to rotational angular momenta of NЈϭ0, 1, 2, and 3, respectively, have overlap at the estimated 130 K with higher angular momenta with a maximum of 0.5%.
The 1ϩ1 REMPI spectrum was measured at various field strengths. In the range 0-2000 V/cm, no broadening of the lines was observed, only a slight shift on the order of the experimental bandwidth. This is not surprising in view of the small dipole moment of this state.
From now on the first UV pulse is set to excite one specific rotational state with decreased fluence. In this way we create some population in the intermediate state and suppress direct 1ϩ1 photoionization. The polarization of the laser is perpendicular to the electric field. In Fig. 3͑a͒ a sec ͒ to Rydberg states converging to the NO ϩ 1 ⌺ ϩ ionic ground state. The solid lines show the photoelectron yield monitored as a function of excitation frequency in a static electric field of 1000 V/cm. The polarization of the excitation laser was either perpendicular or parallel with respect to the electric field. On the lower energy side there is no electron yield. Once the excitation energy is sufficient to excite Rydberg states above the saddlepoint of the potential, peaks start to appear in the ionization yield at a threshold of about 74 530 cm Ϫ1 both for parallel and perpendicular excitation. Note that the photoionization spectrum of the NO molecule is, surprisingly, no more complex than the spectrum of a regular alkali atom. 1 Using this field strength and bandwidth of the excitation laser we are able to resolve the individual Stark states. Depicted above the spectra in Fig. 3͑a͒ are the positions of the middle k-states of hydrogen of the nϭ25 and nϭ26 manifolds upon perpendicular excitation.
There is a distinctive difference in width of the Stark peaks depending on the polarization of the excitation laser. The width of the peaks at parallel excitation is around 1 cm
Ϫ1
, corresponding to a lifetime of these states of about 15 ps. Perpendicular excitation, however, leads to longer lifetimes of the states and the width of these peaks is as narrow as 0.3 cm Ϫ1 . Since that is the bandwidth of the excitation laser, we can, from the experiment, only estimate a minimum lifetime of 50 ps for these states. The dependence of the lifetimes with the polarization may be understood in terms of the geometry of this system. There is both a direct and an indirect path for photoionization and it is the indirect path that gives the Stark resonances. An outgoing electron that is not ejected in the direction of the saddlepoint bounces off the wall of the potential and returns to the ionic core. However, after one radial oscillation the angular momentum has evolved toward higher l up to lϭnϪ1. Higher angular momenta do not penetrate the ionic core and subsequently cannot scatter. Only after a full angular momentum oscillation the electron can scatter from the nonhydrogenic core into the direction of the saddlepoint resulting in autoionization. The broad peaks in the photoionization spectrum upon excitation with parallel polarization indicate a single angular oscillation of the electron before autoionization, whereas perpendicular excitation leads to several recurrences of the electron before escaping.
An important observation in Fig. 3͑a͒ is that the ionization peaks do not appear in a stepfunction-like manner but slowly increase in intensity. The number of peaks per unit energy increases with excitation energy converging on the high-energy side to a constant yield ͑the ionization potential in zero-field is at 74 721.7 cm
; Ref. 22͒. Calculation of the Rydberg series in an electric field by using the parameters of Table I and a convolution with a Gaussian having a width of 0.3 cm Ϫ1 well simulates the observed photoionization spectra far above ͑Ͼ40 cm Ϫ1 ͒ the saddlepoint. Close to the saddlepoint, however, the calculation is only accurate concerning the position and width of the peaks. The discrepancy in intensity is diminished by including predissociation into the calculations. The dotted lines in Fig. 3͑a͒ are calculations including the predissociation rates shown in Table II ͑taken from Ref. 8͒. In this energy region the rates are typically 10 9 -10 10 s
. To appreciate the effect of predissociation on the calculations of the photoionization yield in Fig. 3͑b͒ , three calculations are depicted, one without and two with different predissociation rates. All calculated traces are convoluted with a Gaussian having a width of 0.3 cm Ϫ1 . There is a dramatic decrease in intensity of the photoionization yield close to the saddlepoint upon including predissociation. Some peaks have completely vanished, making the photoionization threshold appear higher in energy. Furthermore, the stepfunction-like behavior of the photoelectron yield at threshold is lost and intensity only slowly increases with 
higher excitation energy. Note that the agreement with the experimental results would improve even more by assuming a higher predissociation rate. The dash-dotted line in Fig.  3͑b͒ includes a five times faster predissociation rate than suggested in Ref. 8 and is virtually indistinguishable from the experimental data. That predissociation only decreases intensity in the region of about 40 cm Ϫ1 above the saddlepoint lies in the fact that the escape angle of the Rydberg electron far above the saddlepoint is large and the electron autoionizes on subpicosecond time scales. Closer to the saddlepoint energy, however, the exit created by the electric field becomes narrow and the lifetime, hence the number of oscillations of the Rydberg electron, increases. After each angular oscillation the electron recurs to the core with low angular momentum l and can couple to the predissociation channel. At the saddlepoint energy the predissociation is even dominant and the photoionization yield is completely quenched. Naturally the perpendicular excited states experience a larger influence of predissociation because of the longer lifetimes. It is useful to compare Eq. ͑13͒ derived in the theory section with the detected cross section convoluted with a Gaussian of 3 cm Ϫ1 width ͓Fig. 3͑c͔͒. The resolved Stark states are smoothed out and we can concentrate on the overall intensity behavior. As we already saw in Fig. 3͑b͒ , predissociation needs to be included and predissociation rates taken from Ref. 8 do not fit the experimental data very well. Five time faster rates are needed for a good fit. We have no explanation for the discrepancy except that the rates are extrapolated from higher n(70-120) and lower fields ͑Ͻ1 V/cm͒.
Including predissociation in interpreting photoionization yield spectra of molecules in a static electric field is important to determine the saddlepoint energy. If one determines the saddlepoint energy by fitting the experimental spectra with a smoothed stepfunction, disregarding predissociation, one obtains a threshold that is too high in energy or, equivalently, the ␣ from Eq. ͑2͒ would be too low. The photoionization yield measurements of nitric oxide in an electric field reported in Refs. 3 and 26 exhibit an apparent threshold that was higher in energy then expected. Instead of the theoretical ␣ϭ6.12 cm Fig. 4 the photoionization yield spectra as a function of term energy are shown for various applied field strengths. The excitation is via the NЈϭ0 intermediate rotational state with polarization parallel to the electric field. Also shown is the saddlepoint energy as a function of electric field strength according to Eq. ͑2͒ with ␣ϭ6.12 cm Ϫ1 ͑a͒ and ␣ϭ5.6 cm Ϫ1 ͑b͒ taken from Ref. 3 . By resolving the structure of Stark states and including predissociation in the calculation we find ␣ϭ6.12 cm Ϫ1 . By artificially cutting the high-frequency parts of the spectrum and fitting with a smoothed stepfunction like Refs. 3 and 26, we naturally obtain, when taking the midpoint of the rise, a lower ␣ ͓in our case ␣ϭ5.7(1) cm Ϫ1 ]. In earlier studies on molecules in an electric field 5, [27] [28] [29] [30] Stark structure has been resolved. A saddlepoint, however, is not observed due to rotational or vibrational autoionization and we cannot compare the influence of predissociation to other molecules.
We now focus on the rotational dependence of the photoionization spectrum. As in Fig. 3͑a͒, Fig. 5͑a͒ shows the photoionization yield monitored as a function of excitation frequency of NO in an electric field of 1000 V/cm. The lowest trace in Fig. 5͑a͒ is taken , respectively͒. For all traces, the laser polarization is perpendicular to the electric field. Starting from higher rotational states, the threshold is higher in energy. The theoretical saddlepoint energies are depicted with the dotted line. The increase of threshold energy corresponds to the increase of rotational energy E rot ͓Eq. ͑4͔͒ with a rotational constant Bϭ1.9842 cm
. 13 The only open channel for excitation lower than the saddlepoint energy via rotational states NЈϾ0 is excitation of a bound Rydberg state that decays by rotational autoionization into a lower NЈ Rydberg series. The near absence of signal below the saddlepoint energies shows that the rotational autoionization is very weak; note that the competing predissociation channel sets an upper limit to the time during which rotational autoionization can take place.
Another argument for weak rotational coupling is shown in Fig. 5͑b͒ . Identical spectra are depicted as in Fig. 5͑a͒ but now as a function of relative binding energy, i.e., energy compared to the ionization energy in zero-field of the se- , respectively͒. In this energy range the separate Stark states of overlapping n-manifolds can be distinguished. Comparison of the four traces reveals that the photoionization yield is very similar, independent of rotation. Only the intensity of the separate peaks differs somewhat. This suggests that the excitation occurs predominantly via the Q-branch (NЈϪN ϩ ϭ0, as in Ref. 26͒ and only a weak rotational coupling changes the intensities of the peaks. In the case of nitric oxide, the dynamics of a complicated molecular ion and a Rydberg electron in a static electric field is considerably simpler than might be expected.
V. CONCLUSIONS
We have investigated the photoionization of Rydberg electrons of the nitric oxide molecule. In a 1ϩ1 REMPI experiment we selected rotational states of the A 2 ⌺ ϩ intermediate state (vЈϭ0) and monitored the dependence of a static electric field. Then the frequency of the first UV pulse was set to populate a specific rotational state and a second UV pulse was applied to excite to the Rydberg states. The excitation was done with polarization parallel or perpendicular to the electric field. The photoionization yield was monitored for autoionizing Rydberg states for NO in various electric fields and via different rotational states. The Stark structure in the spectra is fully understood and accurate simulations are achieved by quantum calculations based on MQDT. We observe that lifetimes of the Stark states are different upon different excitation polarization: parallel excitation leads to lifetimes of about 15 ps whereas perpendicular excitation leads to much longer lifetimes. An important observation is that predissociation quenches the photoionization yield close to the saddlepoint, which can lead to misinterpretation of photoionization threshold energy. A formula ͓Eq. ͑13͔͒ for the average behavior of the photoionization cross section, including the effect of predissociation, gives insight into how the ionization signal is suppressed near threshold. The first peak on the low-energy side of the NO photoionization spectrum is therefore the onset of the Stark structure rather than the threshold of autoionization.
The photoionization spectra via various rotational states are compared and we observe that excitation occurs predominantly via the Q-branch. There is only weak rotational coupling leading to a lack of rotational autoionization and very similar photoionization spectra for the different rotational states of the core. In fact the spectra are very reminiscent of an alkali atom.
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